Concentrated drinking water extracts prepared by adsorption onto XAD-2 resin have been tested for their ability to induce chromosome damage in mammalian cells. Extracts prepared from drinking waters derived from upland and lowland sources have been found to induce chromosome aberrations in Chinese hamster ovary (CHO) cells and human lymphocytes in vitro. Although the identity of the compounds responsible for this activity is unknown, they are generated when the water is chlorinated and appear to bind readily to exogenous protein.
Introduction
Many laboratories around the world have reported that concentrated extracts of chlorinated drinking water derived from surface sources show mutagenic activity in bacterial test systems (1) (2) (3) (4) (5) (6) (7) (8) . The compounds responsible for this activity have not been identified, but they appear to be generated when the water is chlorinated for disinfection purposes. The precursor compounds that are transformed to mutagens during chlorination are probably naturally occurring organics in surface waters, such as humic acids and amino acids (9) (10) (11) .
When pure substances are tested for genotoxic activity, it is generally agreed that the compounds should be screened in a battery of test systems, including bacterial, cultured mammalian cell, and whole-animal assays. At before the water passed into distribution. In the laboratory, the water samples were pulled through XAD-2 resin columns (20 mL bed volume) at a flow rate of 100 mL/min. The columns were then blown dry with nitrogen and eluted with 50 mL of high-pressure liquid chromatography (HPLC)-grade acetone. The volume of the acetone eluate was reduced to about 7 mL by rotary evaporation and then by gentle evaporation under a stream of nitrogen. For tests with bacteria, these extracts are usually left in a small volume of acetone or exchanged into dimethyl sulfoxide (DMSO). Mammalian cells, however, will tolerate only low concentrations of most organic solvents (2% volume/volume as a maximum) and, consequently, the concentration of the extracts that can be tested may be limited by solvent toxicity rather than by the toxicity of the dissolved organics. In an attempt to prevent this problem, the acetone extracts were evaporated to dryness and reconstituted in deionized/carbon-filtered water such that 1 mL of extract was equivalent to 10 L of original water. These samples were filter-sterilized through 0.45 ,um membrane filters and stored at -200C until testing was completed. Extracts prepared in this way showed clear mutagenic activity in bacterial fluctuation assays, although slightly higher doses of these extracts (in liters of original water/milliliter of test medium) were required than those of the original acetone/DMSO extracts.
Raw water samples were collected either directly from a lowland river or from the intake channel of a water treatment works. At the laboratory, the water was filtered through Whatman GF/C grade filters and concentrated as described previously. For some exper-iments, raw water samples were chlorinated in the laboratory with a single dose of 6 mg/L chlorine for a contact period of 2 hr and then dechlorinated with sodium sulfite to leave a free residual of 0.5 mg/L chlorine.
Procedural blanks were prepared from deionized/activated-carbon-filtered water that was chlorinated in the laboratory and concentrated as described above. Blanks were included in each experiment at a single dose level equivalent to It has been shown previously, using bacterial assays, that the mutagens produced during the chlorination of surface waters are direct-acting, and that if rat liver S9 fraction is included during the treatment period, activity is reduced. For the cytogenetic experiments using CHO cells, treatments were therefore carried out only in the absence of S9.
Human Lymphocyte Assay
For the human lymphocyte assay, blood cultures were prepared using fresh, heparinized blood. These cultures contained 9.5 mL Ham's F10 medium + 15% FCS, 0.5 mL of whole blood, and 50 ,uL of phytohemagglutinin (1 mg/mL). These cultures were incubated at 37°C for 48 hr. The cells were then centrifuged, washed in phosphate-buffered saline (PBS), and resuspended in 2.5 mL of double-strength serum-free medium. The total volume was made up to 5 mL with the appropriate amount of test sample and doubly distilled water, and the cultures were then incubated at 37°C for 3 hr. After this time, the cells were returned to normal medium + 15% FCS + penicillin/streptomycin, and incubation was continued for a further 21 hr with colcemid present for the last 3 hr. Slides were prepared as described for the CHO assay.
In the first lymphocyte assay, the concentrated extract was tested in the presence and absence of Aroclorinduced rat liver S9 fraction. Ten percent S9 mix (containing 15% v/v S9 fraction) was included in the treatment medium during the 3-hr exposure to the test sample.
For the experiments with separated lymphocytes, whole blood was diluted 1:1 with PBS and layered into 10 mL centrifuge tubes containing 6 mL of lymphocyte separation medium (Flow Laboratories). The tubes were centrifuged for 30 min at 400g, and then the lymphocytes were collected from the interface of the media. The cells were washed three times in PBS and then used to inoculate 10 mL cultures as described for whole blood. The cells were grown for 72 hr before treating for 4 hr in serum-free medium. All other aspects of the method were as described for whole-blood cultures.
In Vivo Study
To investigate the clastogenic activity of a concentrated water extract in vivo, groups of mice were fasted for 10 hr and then orally administered concentrated drinking water extract derived from a lowland river. The mutagenic activity of the extract in both bacteria and CHO cells in vitro was confirmed before the in vivo study was begun. The doses used were equivalent in milligrams/kilogram to the total drinking water intake of a 60 kg man drinking 2 L per day for 10 
Analysis of Results
In view of the potent clastogenic activity of concentrated water extracts in CHO cells, we considered a statistical analysis of these data unnecessary. For the human lymphocyte assays and the in vivo mouse bone marrow study, the results were analyzed for statistical significance using Fisher's exact probability test.
Results

Cytogenetic Assays in CHO Cells
In the first CHO experiment, a concentrated extract prepared from a lowland river sample chlorinated in the laboratory was tested for clastogenic activity in CHO cells. The doses used in this study were equivalent to 0.25, 0.5, and 1.0 L of original water/mL of test medium. A full procedural blank was also included in the experiment, along with appropriate positive and negative control groups.
The results of this experiment are given in Tables 1  and 2 . Table 1 gives the percentage of cells containing chromatid or chromosomal-type aberrations, and Table  2 shows the total number and type of aberrations observed with each treatment. At a dose level of 1 L/mL, sample X019 showed potent clastogenic activity in CHO cells, with 79% of the cells containing some form of chromosome damage. An increase in both chromatid and chromosomal-type aberrations was observed. These aberrations included gaps, breaks, fragments, and interchanges. At a dose of 0.5 L/mL, weak clastogenic activity was observed, whereas at 0.25 L/mL, the frequency of aberrations was comparable to that of the untreated control group. No evidence of clastogenic activity was found for the procedural blank, indicating that the mutagenicity of X019 was not an artifact generated during the concentration procedure. Cells treated with N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), the positive control, showed a high level of chromosome damage with 91% of the cells examined containing some form of aberration.
In view of these results, a repeat experiment was conducted using another laboratory-chlorinated sample (X025) prepared from the same raw water source. In this experiment, dose levels equivalent to 0.5, 0.75 and 1.0 L of original water/mL of test medium were used.
The results of this assay (data not shown) confirmed the clastogenic activity ofthese water extracts. In fact, with this sample, slightly higher levels of chromosome damage were observed than in the previous study. In this experiment, the procedural blank was tested up to a dose of 3 L/mL and still showed no evidence of clastogenic activity.
The next series of experiments were performed on extracts prepared from chlorinated final drinking waters collected from water treatment works. Two samples (X021 and X063) were derived from a lowland river that received both industrial and sewage effluent; the third water sample (X035) was a final water derived from a reservoir that was situated in an upland area of the country, away from any major source of pollution. The results given in Table 3 show the percentage of cells containing chromosome aberrations after treatment with these extracts. All three samples were clastogenic in CHO cells, producing a wide range of different types of aberrations, including a large number of interchanges, which are generally regarded as the most significant form of damage (12) . The final water extracts were slightly less active than laboratory-chlorinated samples in terms of the dose required to give a positive effect, and the lowland samples appeared to be more potent than the upland sample. The dose responses observed with the two lowland samples (which were taken from the same sampling point but 14 months apart) were remarkably similar, with 55% of the cells showing damage at a dose of 2 L/mL for both samples. Photographs of damaged cells following treatment with these extracts are shown in Figures 1 and 2 .
To investigate the origin of the clastogenic agents, concentrated extracts were prepared from raw water taken from the intake of a water treatment works and from the final water leaving the works. Two treatment works were studied, one of which used a lowland river as a water source (samples X036), and the other, an upland reservoir (samples X071). A summary of the results obtained in these experiments is given in Table  4 .
The raw water from the lowland river showed evidence of weak clastogenic activity at doses above 1.5 L/mL. The types of aberrations induced were primarily chromatid breaks. In addition to inducing a low frequency of chromosome aberrations, the sample appeared to have an effect on chromosome condensation. In treated cells, the chromosomes were short and "fuzzy" in appearance, and the chromatids were often separated (see Fig. 3 ). This effect appeared to be dose related, and at the higher concentrations examined, it was difficult to find metaphases that were suitable for scoring. This is the type of response one might expect if cells were exposed for a prolonged period to a compound that disrupted the mitotic spindle, causing the cells to be arrested in the metaphase stage of cell division.
The chlorinated water sample showed much more potent clastogenic activity than the raw water sample, inducing a complete range of chromatid and chromo- somal-type aberrations. At a dose of 2 L/mL, 94% of the cells contained some form of damage. An effect on chromosome condensation was also noted with the chlorinated sample, but this was less apparent than with the raw water sample. Since this effect was not observed with the samples from an upland reservoir, it is possible that this condensation effect was not related to the mutagenic activity but to the presence of a specific pollutant in the raw river water. If this was the case, it would appear that passage through the treatment works was at least partially effective at removing the substance(s) responsible for this effect.
The raw water from the upland reservoir also produced a slight increase in the frequency of chromosome aberrations, including a few interchanges that are seldom observed in control cultures. The origin of the compounds responsible for this weak activity is unknown but could include runoff from surrounding agricultural land or naturally occurring mutagens, such as bracken toxins (13) . The final chlorinated water showed much more potent activity, with 89% of the cells showing damage at a dose of 3 L/mL. These results, therefore, would appear to confirm the findings of previous mutagenicity studies, which show that the major portion of mutagenic activity in drinking water samples is produced when the water is chlorinated.
In our preliminary investigations on the clastogenic activity of water extracts, we noted that the presence of serum in the medium during treatment appeared to reduce the activity of the samples. To verify this observation, we conducted an experiment in which a concentrated water sample was tested at a single dose (1.75 L/mL) in the presence of 0, 2, 5, 10, and 15% FCS in the treatment medium. The water extract (X036) was prepared from a final drinking water derived from a lowland river. A previous experiment had shown that a concentration of 1.75 L/mL induced a high frequency of aberrations. The results of this experiment are summarized in Table 5 . The level of chromosome damage observed was inversely proportional to the concentration of serum in the treated medium. With no serum, 86% of metaphases showed some form of aberration, whereas in the presence of 15% serum, this figure was reduced to 24%. However, even with the high serum levels, the frequency of aberrations was still significantly higher in the treatment cultures than in the corresponding controls. The presence of serum, therefore, reduced, but did not abolish, the clastogenic activity of the sample. It is interesting to note that the presence of serum also reduced the clastogenic activity of the positive control (MNNG), but the effect was much less pronounced than with the water sample.
Human Lymphocyte Assays
In addition to the experiments with CHO cells, concentrated drinking water extracts have also been tested for clastogenic activity in human lymphocytes. The protocol used for the lymphocyte studies was similar to that which gave positive results in CHO cells (i.e., treatment in serum-free medium). In the first study, a concentrated extract (X030) was tested at doses of 1, 2, and 3 L/mL; at higher concentrations, the chromosomes were short and fuzzy and impossible to score. This extract had already been shown to give positive results in CHO cells (over a dose range of 1-3 L/mL) and in bacterial fluctuation assays. Untreated control, procedural blank, and positive control groups (cyclophosphamide, 6,ug/mL) were also included in the experiment. The test was performed in the presence and absence of Aroclor-induced rat liver S9 and all treatments were carried out in duplicate. In this experiment, X030 showed no evidence of clastogenic activity in lymphocytes in either the presence or absence of S9 (see Table  6 ), although at 3 L/mL a significant reduction in the mitotic index was observed. Cyclophosphamide, the positive control, produced a clear increase in aberrations in the presence of S9.
The negative results in lymphocytes were somewhat unexpected in view of the potent clastogenic activity of such samples in CHO cells. A repeat experiment was therefore carried out using another drinking water extract (X055) prepared by a slightly different method. This method involved omitting the rotary evaporation stage and evaporating the sample completely under nitrogen. Extracts prepared this way were found to be more potent in terms of mutagenic activity but, unfortunately, were also more toxic to the cells, and this extract could only be tested up to a maximum dose of 1 L/mL. The results obtained with X055 in lymphocytes are summarized in Table 7 . Mitomycin C was used as the positive control in this experiment at concentrations of 0.5, 1.0, and 2.0 ,ug/mL. Some evidence of weak activity with X055 was apparent at the highest dose (1 L/ mL) with a small increase in chromatid and chromosome breaks. However, in comparison with the clastogenic activity observed with such samples in CHO cells, the response was minimal. A possible explanation for the poor response observed in lymphocytes could be protein binding of the active compounds. Although the cells were exposed to the extract in serum-free medium, whole-blood cultures contain many other cells as well as lymphocytes, in particular a large number of nondividing erythrocytes. It seemed possible that the mutagens in the extracts could bind to surface proteins on red blood cells, thus lowering the concentration available to react with lymphocytes. We decided, therefore, to carry out experiments using separated lymphocyte cultures.
Lymphocytes were separated from whole blood by centrifuging in a Ficoll-based medium and used in the cytogenetics assay (see "Materials and Methods"). When extracts prepared from lowland drinking waters were tested using this protocol, an obvious increase in chromosome aberrations, particularly chromatid breaks, was observed. However, treatment with these extracts produced short, fuzzy chromosomes that were difficult to score.
Recently, we have carried out a study with separated lymphocytes using a final water extract from an upland source (X071). The sample was tested at 2.0, 3.0, 3.5, and 4.0 L/mL, but, unfortunately, toxicity was observed at all but the lowest dose. At this dose, however, 39% of the cells contained aberrations; these aberrations were primarily chromatid breaks, but a few interchanges were recorded (see Table 8 ). It appears, therefore, that if separated lymphocytes are used, concentrated drinking water extracts can be shown to induce chromosome aberrations in human cells in vitro. Further studies are in progress to obtain dose-response data using this method.
In Vivo Study
In addition to the in vitro studies, a concentrated drinking water extract has also been tested for clastogenic activity in an in vivo mouse bone marrow cytogenetic assay. The extract used for this study (X021) has already been shown to give a positive result in CHO cells (see Table 3 ) and bacteria in vitro. Groups of mice were orally administered the extract at concentrations equivalent in mg/kg to 1, 3, and 10 years of consumption by the average human. Metaphase preparations were obtained from bone marrow after 6 hr to detect shortlived, rapidly formed lesions, after 24 hr (normally the most likely time interval for chromosome breakage to (4) aFigures in parentheses exclude cells with gaps only. be detected), and after 48 hr for persistent lesions or those requiring a long time to develop. No significant increase in chromosome breakage was observed in metaphase cells associated with any of the doses of water extract tested, whereas the positive control (Mitomycin C) showed clear clastogenic activity. Data from the 24-hr sampling time is summarized in Table 9 . The water sample was thus considered to be negative in this test system.
Discussion
The experiments described in this paper demonstrate conclusively that extracts prepared from chlorinated, surface-derived drinking waters are capable of inducing chromosome damage in mammalian cells in vitro. In CHO cells, positive results have been obtained with both lowland and upland waters, and the major portion of activity has been shown to be produced when the water is chlorinated. The potency of the samples in the CHO assay was somewhat greater than we would have predicted on the basis of the activity of the samples in bacteria, with dose levels of 1 to 2 L/mL producing chromosome damage in most of the metaphase cells examined. Apart from this, the results obtained in mammalian cells appear to be consistent with conclusions we have formulated on the basis of bacterial mutagenicity assays.
One new observation with the mammalian cell assays was that the presence of serum in the treatment medium markedly reduced the clastogenic activity of the extracts. This finding presumably indicates that the mu- tagenic species bind readily to protein, which may have important implications for the transport and distribution of the mutagens around the body once they are ingested.
Anthanasiou and Kyrtopoulos have also reported that drinking water extracts produced chromosome damage in CHO cells in vitro (14) , but the doses needed to give a positive effect (i.e., around 400 L/mL) were much higher than those used in the present experiments. In their studies, however, treatment was carried out in media containing 10% FCS, which we have shown suppresses the activity of the extracts. Another possibility for the difference in results is that their method of producing concentrated extracts may have been less efficient than ours. Positive results with concentrated water samples in CHO cells have also been reported by Van Kriejl et al. (15) , but this publication is an abstract of a meeting presentation, and few details are given.
To confirm the clastogenic activity of drinking water extracts, further studies were undertaken using human lymphocyte cultures. To observe a clear, positive effect, separated lymphocytes, free from red blood cells had to be used. detection of nuclear anomalies in sections of colon tissue (19) (20) (21) (22) , sister-chromatid exchange in intestinal cells (23) (24) (25) (26) , and unscheduled DNA repair synthesis in stomach mucosa (27 possible ways to remove mutagens from water or to prevent their formation. Filtration through granular activated carbon (GAC) beds appears to be the most promising method for removing mutagens (28, 29) , although questions, such as optimum flow rates through the beds, contact period with the carbon, and carbon regeneration times, need to be considered. GAC filtration may also offer other benefits, such as taste and odor control and an overall better quality of water, which may make it an attractive option for some water utilities. The use of alternative disinfectants, such as ozone, chlorine dioxide, and chloramines, should also be considered. However, their use may present other toxicological problems that need to be fully evaluated before any recommendation can be made (30) (31) (32) . Even if alternative treatments are rejected, the questions raised concerning the long-term health effects of chlorinated organics in drinking water may result in a more judicious use of chlorine as a disinfectant.
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